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Characterizing Kinetics near a First-Order Catalytic Poisoning Transition
J. W. Evans
Ames Laboratory and Departments of Physics and Mathematics, iowa State University, Ames, iowa 500ii
M. S. Miesch
Ames Laboratory, Iowa State University, Ames, iowa 5001I
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We consider the kinetics near a first-order poisoning transition for simple surface reaction models
which exclude nonreactive desorption. Elucidation of the development and growth of the reactive steady
state from a near-poisoned state is achieved via an "oxidation epidemic" analysis of the evolution of an
empty patch embedded in the poisoned phase. Associated critical exponents vary strongly with reaction
rate, and reflect slow kinetics. The increase in epidemic survival probability with initial patch size is
smooth, and described by additional exponents, rather than indicating a critical size for survival.
PACS numbers: 82.20.Mj, 05.70.Ln, 82.65.Jv
We consider simple "monomer-dimer" models for CO
oxidation on surfaces which incorporate the following ir-
reversible steps:' adsorption of a monomer species A
(representing CO) onto single empty sites; adsorption of
a dimer species Bq (representing Oq) onto adjacent pairs
of empty sites; reaction of diA'erent species adsorbed on
adjacent sites. Nonreactive desorption and surface dif-
fusion are ignored. If E represents an empty site, then
schematically
)'B
A+E A(ads), B2+2E 2B(ads),
A (ads) +B(ads) AB+ 2E .
The impingement rates y~ and y~ are normalized so that
y~+yq =1. For 82, first a site and then a neighbor are
randomly chosen, adsorption occurring only if both are
empty. Both cases where the reaction rate k is finite'
and infinite (instantaneous reaction) have been con-
sidered. The latter corresponds to the so-called ZiA'-
Gulari-Barshad (ZGB) model.
Currently there is much interest in such surface reac-
tion models which exhibit kinetic phase transitions be-
tween a reactive steady state and completely poisoned
states. ' In the above case, there is a first-order transi-
tion from the reactive steady state to an 2-poisoned state
at "high" y& =y2, say, and a second-order transition to a
B-poisoned state at "low" y~ =y~t say (see Fig. 1). The
challenge is to understand the behavior of these non-
equilibrium transitions at least at a level achieved previ-
ously for transitions in equilibrium systems. One power-
ful technique, which we term "epidemic analysis, " has
been successfully applied to study various second-or-
der transitions to completely poisoned or "adsorbing"
states. Here one analyzes the evolution of an empty
patch embedded in a completely poisoned sea. For the
ZGB model, such an analysis for an empty patch embed-
ded in a B-poisoned sea indicates that the B-poisoning
transition is in the universality class of Reggeon field
theory (RFT). Our focus here is on the kinetics near
the first order A -poison-ing transition, an issue ad-
dressed traditionally in terms of nucleation theory and
spinodal decomposition. We show instead that the evo-
lution of a near 3-poisoned state for yq +y2 is more ap-
propriately elucidated via an epidemic analysis. We find
epidemic behavior quite diAerent from that seen previ-
ously for second-order transitions.
First note that mean-field-type theories (MFT) are
often successfully applied to elucidate behavior near
the first-order transition. ' ' These predict van der
Waals-type multiplicity, rather than discontinuities, in
steady-state quantities. For the monomer-dimer model,
this suggests the existence of a metastable reactive
steady state up to a spinodal point y, )yz (see Fig. I).
Corresponding MFT predictions of certain steady-state
quantities for y~ &y2 are quite accurate. However,
we find that MFT greatly overestimates the value of y2,
~o ~
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FIG. I. Schematic of steady-state Oz behavior (solid curve).
Also shown is the MFT van der Waals-type loop (dashed
curve). Solid (open) circles give examples of exact (MFT) ki-
netics.
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and that MFT kinetics display expected shortcomings. '
For example, for y2 &y& &y„MFT predicts rapid evo-
lution of a dilute A state to the metastable steady state,
but not the subsequent slow A poisoning (Fig. 1). For
the latter, fluctuations in the metastable steady state
must nucleate an 2 island above some critical size at
which the "probability of growth" Pg becomes signifi-
cant. ' Here P~ is imprecisely defined as noted below.
Henceforth we consider the evolution, in the reactive
window y~ &y2, of a near A poisoned state (chosen sim-
ply as an independent distribution of A-filled sites of
high coverage 0~ & 1). One finds that evolution is ini-
tially toward the 2-poisoned state, i.e., 0~ increases, as
predicted by MFT. However, eventually 0& decreases as
the system approaches the low-0& reactive steady state
(Fig. 1). ' We argue that one should not regard this
process as nucleation mediated, as suggested by MFT. ''
Instead, one should consider the initial state as a distri-
bution of small isolated empty patches, and focus on the
evolution of individual patches. Our epidemic analysis
below shows that most of these patches "rapidly" 2
poison, thus initially increasing 0&. However, later the
few surviving "epidemic" patches eventually prevail,
spreading the reactive steady state across the entire sur-
face and lowering 0~. We find no evidence for a critical
patch size for survival.
We now develop an epidemic analysis for the evolution
of empty patches embedded in an 2-poisoned sea after
the adsorption-reaction process (1) is switched on at
time t =0 (see Fig. 2). We consider the epidemic sur-
vival probability P, (t) and some measure of epidemic
size such as the average number of empty sites, N, (t), as
functions of t (see Fig. 3). Note that P, is concisely
defined here, in contrast to P~ above where the system
has a fluctuating background. Here single empty sites
always poison with P, (t) =N, (t) =e '". However, for
patches of M ~ 2 sites, one anticipates finite asymptotic
survival probabilities, P, (~) &0, for yz &y2. Conse-
quently for M ~ 2 (fixed), we introduce A—:y2 —yz and
A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A
A A A h h A A A A A A A A A A A A A A A A A A A A A A A A A
A A A A h A A A h A A A A A A A A A A A A A A A A A A A A A
A A A A A A A A A A A A A A A A AAAAAAAAAAAAAAAAAAAAAABBAAAAAAAAAAA
AAAAAAAA A A 8 A AAAAAAAAAAAAAAABBABBBS8 8 AAAAAAAAAAAASBSBBBBBSBBBBAAAAAA
AAAAAA8 8 8BBBBBBBSAAAAAA
*AAAAA A 8 8 3888888 AAAAA
AAA A A 8BBBBBBAAAA
AAAA 8888888888888 8 AAA
AAAAAA A 8 BB8 8BBBB AAA
AAAAAA A BBBBBBBBBBAAAAA
AAAAAA BBBBBBB AAAA
AAAAAAAA 8 8 8 8 8 8 8 8 AAAAAAAAAAAAABBBBBBBB8BB AAAAA
AAAAAAAA BB BBB 88 8 AAAAAA
AAAAAAAA AA 888 8AAAAA
AAAAAAAAAA 8 SSAAAAAA
AAAAAAAAAAA 8 8 8 8 8 8 8 8 h A A A A
AAAAAAAAAA ASSSSBBAAAhh
AAAAAAAAAAAA 3 8SB hhhhhA
AAAAAAAAAAAAA 3AAAAAhhhh
k
AAAAAAAhhhhhAAhhhhh
A A A h h A h A h A A h h A h h A h A h A h
~ A A A A A h A A A A A A A h A A h A h h h h
A A A h h A h A A A A A A A A A A h A h h h
A A A
AAA
AAA
AAA
AAA
AAA
AAA
A A A
AAA
A A A
A A A
A A A
AAA
A A
A A
AAA
AAA
AAA
AAA
AAA
hh Ahhh
hhh
hhh
AAA
AAA
A h A
AAA
A A A
hA Ahhh
A A A
Ah h
A A A
A A A
A
3 8
A 8
A A 8
A A
A A
A A A
Ahh
h
Ahh
h h hhhh
hhh
Ahh
AAA
A A A
AAA
A A A
h h
h 8
A h
A h 8
AAB
A 8
8
A 8
8 8 8
8 8
A 8
8 8
8 8 8
3 8
h h h
h h
h h h
hhh
h h h
k=1,'
AAAhhh
A A
h A
A 8
h 8888
8 8 8
8 8 8
8 3883888888
8 8 8
8 8 8
A 8
8 8
8
8 8
h A
A h h
h h h
hhh
h h h
h/, /
h h h
h h h
hhh
A A A
AAA
h h
3883
8 8 3
8 3
8 8
8 3
h A
8 h
3 A
BSA888888
8 8 8
8 8 3
BAB
h
A 8
A h
h h
h h h
h h
h h
h h h
h h h
h h h
AAA
A A h
h h h
AAA
h
h
8
8 383h
A h
B 8888
8 3 8
8 8
8 8
8
8
8 3h
8
h
h h
h
h
h h h
h h
A A A
Ah h
h h h
h h
3 8
8 8 3
3 8 3
h 8 3
8 P 3
8 8 8
8 3
8
8 3
3 8 3
3
8 8 3
8 8 3
3 8 3
3 8 3
8 8
I'\
h h
h h h
h h h
h
hhh
hhh
h h h
h h h.
h h
h
3
8
h h
h h
3 8 P
3 3 h
3 3 P
3 8 8
3 3
3 8 8
3 8
8
h /
3 h h
3 8
3 h h
h h
h
h h h
h h h
h h h
h h h
hhh
AAA
h h hhhh
hhh
hhhhhh
hhh
h hhhh
hhh
hhh
8
3 h A
3AA
BAA
3 h
h h
h hh
hhh
h h h
h h
h h h
h h h
h h h
h h h
r'\ h h
hhh
Ahh
h A hhhh
A h h
A Ah
h h h
hhhhhh
/
h h hhhh
AAA
AAA
A A h
AAA
A A
hhh
hhh
h h h
h h h
h A h
h h h
h h h
h h h
h
h h h
h h h
FIG. 2. Surviving epidemics for k =~ with y~ =0.45, and
for k =1 with y~ =0.40.
adopt the conventional scaling relations
P, (t) -t 'y(At "'), N„(t) -t "f(At '), (2)
where 6', g, and v are critical exponents. We have impli-
citly assumed that these exponents, but not ttl and f, are
independent of the choice of initial empty patch. Our re-
sults support this assumption. Since P, (t) must saturate
to P, (~) &0 for A&0, it follows that P(x)-Ax' as
x ~, and P, (~) -AA' as A 0. Provided yz is
strictly below y& (i.e. , A & 0), one expects epidemic
growth to be "driven" rather than, e.g. , diA'usive. Thus
surviving epidemics should be compact (Fig. 2) and grow
at constant "velocity" V, where N, —P, (~)(Vt) .
This implies that f(x) —Bx' " as x ~, and V
-(Bi~)A'" & "as A-0.
We obtain the exponents 6 and g directly from the
t ~ decay of P, (t) and N„(t), when A=0 (Fig. 3).
The results in Table I show clearly that 6 and g change,
i.e., can be tuned, with varying reaction rate k. We note
that tunable exponents have been observed previously in,
e.g. , time-dependent pictures of spreading models for
percolation cluster growth. ' By plotting t P, and
t "N, against h, t ' "', and adjusting v until curves for
diA'erent A collapse, one can also determine ltl, f, and v.
We find v=095~03 (17~05) for k =~ (k =I)
from the P, data; values from N, data seem similar (we
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FIG. 3. Time dependence of P, (t) and N, (t) for a k =~ oxidation epidemic starting with a 2X I empty patch. Various y.& values
are shown.
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TABLE I. k dependence of the transition location y2 and
critical exponents 6 and g for 2 poisoning. Uncertainties in
the yq (6 and rt) are ~ 0.0015 (~0.15). For y~ estimates, see
Ref. 2.
1
10
1
2
1
2
4
10
P'2
0.293
0.393
0.434
0.468
0.489
0.512
0.525
1.97
2. 10
2.40
2.70
3.00
3.43
3.70
1.35
1.45
1.50
1.65
1.75
2. 15
2.20
have large uncertainties).
One can also check that the y~ dependence of P, (ee)
is compatible with these estimates of exponents. Indeed,
one finds that P, (~)'t' approaches zero linearly with
y~ [Fig. 4(a)]. Moreover, the associated y2 estimates
are particularly reliable, especially if one utilizes P, (ee)
data for various initial patch sizes. This procedure
avoids the metastability problems associated with direct
estimates of y2, via analysis of the evolution of an initial-
ly empty lattice. ' For example, from Fig. 4(a) we es-
timate unambiguously that y2=0.525+ 0.001 for k =~
agreeing with Ref. 3 but not Ref. 4 (which estimates
y2=0.5277~0.0002). In fact, the latter is close to our
previous estimate of the spinodal y, =0.529+ 0.001 ob-
tained from scaling studies of the 2-poisoned kinetics
for' y~ &y2 (cf. the MFT estimate ' of y, =0.5610).
We have also checked that the epidemic expansion veloc-
ity V vanishes as y~ y2, but our statistics are poorer.
Results reported here were obtained from (1-4)X10
epidemic trials for each 6 and k value.
We pause now to compare against conventional epi-
demic behavior associated with RFT-type continuous
transitions, where the vanishing empty-site concentration
9~ and certain epidemic survival probabilities P, (ee) be-
come asymptotically proportional (at least in some
cases). This implies that N, —BEP,(~) (Vt )
P, (ee) (Vt), so V scales like 5'( ",distinct from
above. RFT also produces "small" positive values for
6=0.46 and g =0.22. In contrast, the large positive 6
values and large negative g values for our model reveal a
greatly reduced epidemic survivability. The latter is
reflected in the slow development for y~ &y2 of a reac-
tive steady state from a near 3-poisoned state, and espe-
cially in the short-time increase (decrease) in 0& (Hz). '
Next we turn to a general consideration of the depen-
dence of the epidemic survival probability on the initial
empty patch size, M ~ 2. Such an analysis is unconven-
tional for epidemics, and more in the spirit of critical-
size determination in nucleation theory. Data for 2&1
and L x L patches suggest the rough scaling P, (ee)
-G(M'a), where G(x)-x" (1), as x —0 (x ~)
[Fig. 4(b)]. Thus one has P, (ee) —M' ~A", for small
Mh, . The k =~, small-M data, for fixed 6,, clearly show
this scaling with v8&=2.5+ 0.2. For k =1 this scaling
is less precise, with v6&=2.2~0.4. Also of interest is
the size scaling of the time dependence of P, (t) and
N, (t), i.e. , before asymptotic behavior sets in. Here we
just describe the h, =0 scaling, which has the form
P, (t ) —M ~t and N, (t )—M "~t ". We find that y
=0.68 ~0. 1 (0.80 ~0.15) and @=1.1 ~0.4 (1.3+ 0.5)
for k =ee (k =1). However, the basic observation to be
made here is that P, (ee) increases smoothly with M
rather than reflecting the existence of a critical size for
survival [Fig. 4(b)].
At this point, we digress to comment on behavior in
the limiting case k 0+. Now, for any k ~ 0, since the
A and B desorption rates are always equal, A and B ad-
sorption rates y~O& and 2y&0&& must also be equal in a
reactive steady state (0~~ denotes the empty-pair con-
centration). In general, this might be achieved for a
nonzero range of yz or y~/2yg by appropriate adjust-
ment of OE&/OE. However, as k 0+, this flexibility is
lost since A and B adsorption rates are trivially in the ra-
tio y~.y~/4, requiring y~ = & for equality. Thus y~ and
y2 approach 5, as k 0+. Furthermore, even for
k =0+ and y~ = &, the process which occurs on the
infinitely slow time scale i =kt is equivalent to the Voter
model, so a nontrivial steady state does not exist. ' In-
stead 4 and B domains slowly coarsen as reflected in the
AB-concentration asymptotic decay 0&z —i with
0.540-
0,432-
0.324-
0.21 6-
0.108-
4x4
Sx8
3.0
Q. 8
~ Q
Q 4
CL
0.2
0.000—
0.450 0.465 0.480 0.495 0.5~ 0
0.0
0 50 N 100 150
FIG. 4. Variation (a) of P, (~) ~' with y& for various initial empty patch sizes N and (b) of P, (~) with patch size N, for various
y~. Here k =~ and v6 =3.52.
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0. 10+'0.01 (0.06 ~ 0.02) for t ( 10 (t & 10 ). For
k =0+ and y~ = &, an epidemic analysis of a B patch
embedded in an A sea reveals that P, (r) —r with
6=0.95+ 0.2. It is natural to consider analogous behav-
ior in the "monomer-monomer" reaction models: '
JB
A+E A(ads), B+E B(ads),
A (ads) +B(ads) AB+ 2E .
conventional, being characterized by tunable exponents,
one of which has the opposite sign from RFT.
Ames Laboratory is operated for the U.S. Department
of Energy by Iowa State University under Contract No.
W-7405-Eng-82. This work was supported by the Divi-
sion of Chemical Sciences, Office of Basic Energy Sci-
ences.
These also have a "zero-width reactive window" at y~
=y
~
=y2 = 7 . Here, coarsening for all k & 0 is reAected
by HE —t
"'
with vv=0. 06~0.015 (cf. Ref. 4) and the
epidemic exponent 6' equals 0.8+0.3. Thus the ex-
ponents 6' and w appear to be invariant for these process-
es.
Finally, we remark on a previously unrecognized
strong sensitivity of steady-state behavior in the mono-
mer-dimer model to the choice of 82-adsorption mecha-
nism. After randomly picking an empty site, one can ei-
ther randomly choose a second site from amongst all
neighbors adsorbing B& only if empty (as above), or ran-
domly choose from amongst only empty neighbors (if
one or more exist). The second "endon" mechanism is
more "persistent" and less sensitive to the local arrange-
ment of species. ' Thus one expects behavior closer to
the monomer-monomer or k =0+ monomer-dimer mod-
el. Indeed, for the endon k =~ ZGB model one finds a
very narrow reactive window with y ~ = 0.635 and
y2= 0.655. This window narrows further as k decreases
to the Voter-model limit k =0+ where y~ =y2 = 7 . For
the endon k =~ model, we find epidemic exponents
6 = 2.5 ~ 0.2 and g = —1.7 ~ 0.2.
In summary, we have shown that the slow evolution of
a near 2-poisoned state to the reactive steady state, for
y& +y2, can be elucidated via an epidemic analysis rath-
er than nucleation theory. The epidemic behavior is un-
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